ABSTRACT Dual-energy mega-electron-volt (MeV) X-ray container radiography has become a wellestablished technique in customs security application, because of its material discrimination capability. The main difficulty of X-ray radiography is dealing with the materials overlapping problem. When two or more materials exist along the X-ray beam path, its material discrimination performance will be obviously affected. Computed tomography (CT) collects many X-ray measurements taken from different angles surrounding an object to produce cross-sectional (tomographic) images of the scanned object. Therefore, CT can provide real 3-D images inside the object. However, due to the bulky container volume and complex types of cargos, it is very hard to develop such a huge CT system for container inspection. To the best of our knowledge, there has no such commercial X-ray CT system for container inspection yet. This paper presents the design of a dual MeV energy X-ray CT system for cargo container inspection which uses an accelerator with fast 6/9 MeV switching spectra, an arc detector array and rotating mechanism. A dual MeV energy X-ray CT image reconstruction and material decomposition algorithm are developed. An experimental system was built with the same accelerator and detector array as used in the designed container CT system. Experimental results that prove the validity and effectiveness of the algorithm and CT system are presented.
I. INTRODUCTION
Dual-Energy X-ray radiography has been widely used in security and customs applications, particularly for inspection of luggage, vehicles, and cargo containers in airports, stations, and harbors. It can obtain information on both the density and equivalent atomic number by using the specialized material discrimination algorithm from two radiographs acquired at two distinct X-ray spectra, helping us to determine the materials inside the object [1] , [2] . Because the spectrum generated by the widely used X-ray tube or accelerator is polychromatic, dual-energy attenuation equations become nonlinear due to the beam-hardening phenomenon and are much more complex than the case of monochromatic X-ray imaging. In order to solve these nonlinear equations and identify the materials, Lehmann et al. proposed an analytic basis decomposition algorithm in the diagnostic energy range based on the two principle means of photoelectric absorption and Compton scattering [3] . In security application, curve-based material discrimination algorithms are often used in hundreds of kilo-electron volts (keV) or even several mega-electron volts (MeV) energy range, such as R-curve, H-L curve, and α-curve algorithms [4] - [8] . They can stably calculate the equivalent atomic numbers of the penetrated materials using experimental dual-energy basis material calibration.
However, dual-energy radiography and its material discrimination methods can only provide correct results when there is only one unknown pure material along each X-ray path. When two or more overlapped materials, these mixed materials will be recognized as a new material with an equivalent atomic number Z eq , which will occur falsepositive or false-negative alarm in security inspection. For example, organic material held inside a thick iron box is easily misidentified as light metal. Chen et al. [9] , [10] proposed a virtual peeling method to remove the background and reveal the material behind it. Li et al. [11] proposed a dynamic material discrimination algorithm to solve this overlapping problem. However, the performances of these methods will be affected when the background has a strong texture or multiple materials exist along each X-ray path.
Computed tomography (CT) collects many X-ray radiographs taken from different angles surrounding an object to produce cross-sectional (tomographic) images of the scanned object [12] - [14] . It can provide real three-dimensional (3-D) images inside the object and completely solve the materials overlapping problem in cargo container radiography. Dual-energy CT (DECT), as well as multi-energy CT or spectral CT, takes advantages of CT and dual-energy configuration to provide more plentiful and accurate material information, e.g., electron density, equivalent atomic number and material composition. As the state-of-the-art CT imaging technique, dual keV energy X-ray CT has been successfully used in clinical diagnosis and airline baggage inspection. Usually, current keV DECT systems perform energy separations at X-ray source level such as dual-source technique, fast kVp switching and K-edge filtering, or separations at detector level such as the sandwich detectors and photon-counting detectors [15] - [20] .
However, due to the bulky container volume and complex types of cargos, it is very hard to develop such a huge DECT system for container inspection. To the best of our knowledge, there has no such commercial CT product for container inspection yet. In this paper, we designs a dual MeV energy X-ray CT system for cargo container inspection which uses an accelerator with fast 6/9 MeV switching spectra, an arc detector array and rotating mechanism. We also develop a MeV DECT image reconstruction and material decomposition algorithm. Furthermore, we build an experimental system to evaluate our design and algorithm with the same accelerator and detector array as used in the designed container CT system. The organization of the remaining of this study is as follows: Section II presents physical model and reconstruction algorithm for MeV DECT imaging. Section III presents our design of 6/9 MeV DECT system. Section IV presents the real-data results on an experimental 6/9 MeV DECT system. Finally, Section V includes discussions and conclusions.
II. METHODS

A. PHYSICS MODELS OF MEV DECT
The physical principle of MeV DECT is based on the exponential law of photon radiation attenuation. When a polychromatic X-ray beam passes through an object, the detector signal can be described by the Beer-Lambert law. [21] If there are two different X-ray spectra used in DECT, we may get:
where S L (E) and S H (E) are effective spectra of low and high energy X-ray beams, respectively, which have considered the energy-dependent detector response and photon energy. E L , E H are the maximum photon energy of these two spectra. µ ( x, E) is the linear attenuation coefficient of the scanned object locating in x and at an energy of E. ray i denotes the i-th X-ray path, and the inner integrals in Eq. (1) denote the line integrals along this ray i .
Physically, the linear attenuation coefficient of a certain material can be decomposed linearly into four parts:
where N A is the Avogadro constant. ρ denotes the mass density (g/cm 3 ). A is the atomic weight of this material (g/mol). σ RS (E), σ PE (E), σ CS (E) and σ PP (E) are the energy-dependent cross sections of reactions from Rayleigh scattering, photoelectric effect, Compton scattering, and pair production, respectively.
Due to the huge volume of cargo container, MeV energy X-ray beam has to be used in its radiation imaging. In most of the current container inspection systems for radiography, the energy of the effective photons is usually 0.1-9 MeV, where Compton scattering predominates. In addition, as photon energy rises from 0.1 MeV to 9 MeV, the reaction cross sections of Rayleigh scattering and photoelectric effect decline significantly while pair production occurs and occupies an increasing proportion [11] . Therefore, different from keV DECT primarily considering photoelectric effect and Compton scatter, MeV DECT usually considers Compton scattering and pair production, and neglects photoelectric effect. Thus, µ( x, E) of any material in Eq. (1) can be approximated as follows
where
Where a CS and a PP are combination coefficients which are related to materials. f CS (E) and f PP (E) respectively denote the portions of the cross sections of Compton scattering and pair production which are related to photon energy. In the energy range of MEV DECT, f CS (E) and f PP (E) are proportional to 1/E and E, respectively, which can be theoretically calculated and experimentally measured [22] . In DECT, we usually define ''electron density'' ρ e = 2ρZ A (mol/cm 3 ). Thus, we get
Actually, the accuracy of Eq. (3) depends largely on energy range of the incident X-ray beams. Because the energy range of effective photons in MeV DECT are very large, e.g., 0.1-9MeV, the accuracy of Eq. (3) is greatly affected.
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Substituting Eq. (3) into Eq. (1) and taking the logarithm, we get the low and high energy projections
where D L (E), D H (E) are the normalized spectra. And,
Once a CS , a PP are obtained by using the CT reconstruction algorithm from Eqs. (6) and (7), the materials parameters can be calculated at every position as follows
The above material decomposition model is based on the two photon cross sections of reactions from Compton scattering and pair production, which is also called dual-effect model. Dual-basis-material decomposition is another model frequently-used in DECT which assumes the linear attenuation function of any material can be accurately reproduced by a combination of two selected basis materials [23] . Thus, we have
where µ 1 (E), µ 2 (E) are the linear attenuation functions of two basis materials, and b 1 , b 2 are decomposition coefficients.
The attenuation functions of each basis materials in Eq. (9) can be replaced by Eq. (3), we get
Then, ρ e and Z of the scanned object can be estimated by combining Eq. (3), Eq. (8) and Eq. (10):
where ρ e1 , ρ e2 are the electron densities, and Z 1 , Z 2 are the atomic numbers of the two basis materials numbered 1 and 2.
Again, substituting Eq. (9) into Eq. (1) and taking the logarithm, we get the low and high energy projections
Once b 1 , b 2 are obtained by using the CT reconstruction algorithm from Eq. (12) and Eq. (13), the materials parameters can be calculated by Eq. (11) at every position.
B. MEV DECT DECOMPOSITION AND RECONSTRUCTION METHOD
In DECT, there are mainly two kinds of decomposition and reconstruction methods: pre-processing method and postprocessing method. The post-processing method first reconstructs the dual-energy CT images from different energy projections and then extracts the material fractions by decomposing the reconstructed attenuations into material components [24] - [28] . However, the performance of postprocessing method often suffers from the artifacts within the CT reconstruction images, e.g., beam-hardening and metal artifacts [29] , [30] . The pre-processing method first builds a dual-energy decomposition model like Eq. (3) or Eq. (9), and then converts the measured projections at different energies into the integrals of dual-effect model or dual-basis-material model like Eq. (6) or Eq. (12), respectively [31] - [34] . Each individual X-ray projection gives an independent equation set. Therefore, A CS , A PP or B 1 , B 2 along each X-ray path can be uniquely determined by solving Eq. (6) or Eq. (12) . Then, the decomposition coefficients a CS , a PP or b 1 , b 2 can be reconstructed by using typical CT reconstruction algorithms, e.g., filtered-backprojection (FBP) or iterative reconstruction methods. Once a CS , a PP or b 1 , b 2 are obtained, the electron density and atomic number at every position can be calculated by using Eq. (8) and Eq. (11) . The materials of the imaged object can be finally determined using these multiple information. This paper will focus on the pre-processing method as showed in Fig. 1 .
The implementation of our MeV DECT reconstruction method is described as follows Eq. (14) is a forward natural logarithm which can be easily implemented. I L0 , I H 0 are respectively the blank intensities of incident low-energy and high-energy X-rays without any object in the beams. Eqs. (15) and (16) are typical l 2 minimization problems which can be iteratively solved by using a classical optimization technique, such as
Pre-processing ray-by-ray in projection data domain
Step1:
Step2: transfer the nonlinear equations to an optimization problem
CT reconstruction in image domain Step3: reconstruct decomposition coefficients using FBP or iterative CT reconstruction algorithm
or
Step4: calculate the effective electron density and atomic number using Eq. (8) or Eq. (11) End Gauss-Newton method. Eq. (17) and Eq. (18) are typical CT inverse problems which can be well reconstructed by using FBP, algebraic reconstruction technique (ART), or other model-based iterative algorithms [35] - [39] . Finally, the effective electron densities and atomic numbers 
III. MEV DECT CONTAINER INSPECTION SYSTEM DESIGN
As mentioned in Section I, the overlap of different cargoes will obviously affect the performance of current dual-energy X-ray radiography product in container inspection. A better solution is a MeV energy CT system which exists in design but never comes true due to its high cost and huge size with very high technical difficulties [40] , [41] . Our group try to develop the first MeV DECT container inspection system. As showed in Fig. 2 , it uses a linear accelerator as the X-ray source which generates very fast switching electron pulses of 6 MeV and 9 MeV. An arc array detector is installed in the scanning track as well as the accelerator, all of which will be rotated vertically around a container truck. The data acquisition of this MeV DECT system follows the geometry of a conventional fan-beam CT scan. In order to avoid cable winding, a 234-degree half-scan is chosen which covers a field-of-view (FOV) of 3.6 m (diameter). This FOV ensures covering a 40-foot high cube container commonly used in sea-freight. The number of detector elements is 1504 with each detector pixel being 5 mm. The distance from the X-ray focal spot to the isocenter is 4 m and to the detector is 8 m. Projection data of 2340 views are collected and images are reconstructed with 2048×2048 pixels.
IV. EXPERIMENTAL RESULTS
Before the designed MeV DECT container inspection system is manufactured, we built an experimental system with the same accelerator and detector array as used in the future container CT system. As showed in Fig. 3 , the accelerator and detector array remained stationary, and the tested object was rotated on a turntable. The accelerator generated fast switching electron pulses of 6 MeV and 9 MeV with frequencies of 100 Hz + 100 Hz. The number of detector elements was 1280 with each detector pixel being 5 mm. The distance VOLUME 6, 2018 from the X-ray focal spot to the isocenter was 4 m and to the detector was 6 m. Projection data of 1500 views were collected over 360 degrees and images were reconstructed with 1024×1024 pixels.
A. SPECTRUM ESTIMATION OF X-RAY BEAM
As described in Eq. (6) and Eq. (12), the accuracy of the normalized X-ray beam spectra D L (E), D H (E) has a significant impact on DECT image reconstruction and material decomposition qualities. Usually, we use Monte Carlo simulation method to calculate an X-ray spectrum. However, in practice, errors always exist in this kind of simulated spectrum. The main reason is that it is very hard for a Monte Carlo simulator to model all physical parameters and uncertainties, e.g., all the noise sources and non-idealities in the detector and signal acquisition system. Therefore, D L (E), D H (E) has to be measured and calculated by specially designed experiments. In this paper, we designed a transmission measurement experiment for plates with seven different thicknesses and four different materials including carbon, aluminum, iron and lead which are frequently used and readily available. The mass thicknesses of these plates are 10, 30, 60, 90, 120, 150, 170 g/cm [2] . Therefore, we got 7×4=28 pairs low/high energy X-beam projections to estimate the effective spectra.
In the discrete case, the transmission projection data of low or high energy polychromatic X-ray can be described as
where m = 1, · · · , M denoting the projection index of measurements. Here, M = 28. x m denotes the plate thickness used in the m-th measurement. n = 1, · · · , N denoting the index of spectrum samples. In this experiment, N = 600 for 6 MeV and N = 900 for 9 MeV, respectively. Eq. (19) can also be written in the matrix form
denoting the normalized spectrum after discretization.
As an underdetermined system of equations, Eq. (20) can be stably solved by using the expectation-maximization (EM) method [42] . Fig. 4 shows both initial and estimated normalized spectra of low and high energy beams. The red (low energy) and black (high energy) curves are normalized spectra simulated by Monte Carlo method, which are inputted as initial values into EM iteration algorithm. The blue and purple curves are estimated spectra of low and high energy, respectively. Due to the existences of detector energy response function, noise and other non-idealities, the effective spectra of both low and high X-ray beams are indeed very different from the initially incident X-ray spectrum obtained by Monte Carlo simulations. Therefore, considering the important role of spectrum in material decomposition, we believe spectrum calibration with experimental data is necessary.
FIGURE 4.
Normalized spectra used in the dual MeV container CT. ''spec0 LE '' and ''spec0 HE '' denote the simulated 6 and 9 MeV spectra by Monte Carlo method, respectively. ''spec LE '' and ''spec HE '' denote the estimated 6 and 9 MeV spectra by experimental measurements, respectively.
B. MEV DECT IMAGE RECONSTRUCTION
In order to demonstrate the effectiveness of our experimental system and reconstruction method, we designed a test phantom as showed in Fig. 5 . It included four columns. The orange and green columns were made of carbon and aluminum, respectively, with the same diameter of 200 mm. The blue and purple ones were made of iron and lead, respectively, with the same diameter of 100 mm. In the experiment, this phantom was placed and rotated in the center of FOV. Other scanning parameters were the same as that used in the designed MeV DECT container inspection system in Section III. Dual-energy projection data and reconstructed images of the experiment were shown in Fig. 6. (a) and (b) were sinograms of low and high energy beams, respectively. (c) and (d) were corresponding CT reconstruction images whose values 45538 VOLUME 6, 2018 FIGURE 5. The test phantom used in our experiment which included four columns. The orange, green, blue and purple columns were made of carbon, aluminum, iron, and lead, respectively. represented the linear attenuation coefficients with a unit of mm −1 . The display window was set to [−0.01, 0.04]. We may find that the images were both well reconstructed from these two different sinograms. In low energy reconstruction there were some metal and beam-hardening artifacts while they were not obvious in high energy reconstruction.
We evaluated both of the two different MeV DECT decomposition and reconstruction methods as described in Section IIB. Results were shown in Figs. 7 and 8 . Fig. 7(a) and (b) showed decomposed A CS , A PP from DECT projections by solving the optimization problem of Eq. (15) . DECT reconstruction results were showed in Fig. 7(c) and (d). (c) was the reconstruction of electron densities, i.e., ρ e , with a unit of mol/cm [3] . The display window was set to [−1, 9] . It may be found that reconstruction of ρ e was very similar to low-energy or high-energy CT reconstructions showed in Fig. 6 . Fig. 7(d) was the quantitative reconstruction of atomic numbers, i.e., Z , which was showed with a color map changing from cool tone to warm tone along with increasing atomic numbers from 0 to 82. Analogously, Fig. 8(a) and (b) were decomposed B 1 , B 2 from DECT projections by solving the optimization problem of Eq. (16) . (c) was the reconstruction of electron densities with the same display window as Fig. 7(c). (d) was the reconstruction of atomic numbers displayed with the same color map as Fig. 7(d) .
Because the two material decomposition models, dualeffect model and dual-basis-material model, were very different, their corresponding decomposition results in projection domain differ widely too, as showed in Fig. 7(a, b) and Fig. 8(a, b) . However, their DECT reconstruction results, Fig. 7(c, d) and Fig. 8(c, d) , were similar. They both well reconstructed the electron densities, ρ e , though there were some metal artifacts due to the existence of lead and iron columns in the phantom. The reconstruction quality of Z , was not as good as that of ρ e . There were some streak artifacts in both Fig. 7(d) and Fig. 8(d) . It can be seen that most of these streaks were divergent from the lead column. The reason was that the lead column with diameter of 100 mm strongly absorbed the incident X-ray beam, which caused only few photons reaching detector, i.e., photon starvation phenomenon [43] . Therefore, these artifacts in Fig. 7(d) and Fig. 8(d) are also called photon starvation streaks.
To quantify the dual MeV DECT reconstructions, we calculated the average mass densities and atomic numbers in the regions-of-interest (ROIs) marked by the red and purple circles as showed in Figs. 7 and 8 . The mass densities, ρ (g/cm 3 ), were shown in Table 1 . Note that the electron density (mol/cm 3 ) has a different unit from mass density whose relationships were Z = ρ e A 2ρ. The atomic numbers were shown in Table 2 . We may find there were some obvious errors in both the results of mass densities and atomic numbers. The main reason was that the X-ray attenuation coefficients of different materials were very close in the photon energy range of several MeVs, which led to the ill-conditions of the dual-MeV decomposition equations, i.e., Eqs. (6) and (12) . Furthermore, statistical noise and various artifacts, e.g., scattering artifacts, metal artifacts and beam hardening artifacts, increased the errors of dual-MeV CT reconstruction. In our experiments, the existence of the lead column brought serious photon starvation streaks which significantly affected the accuracy of both ρ and Z reconstructed results. In addition, the results of the Fe was worse than others. One possible reason was the iron metal used in the experiment contained certain impurities.
Comparing the quantitative results in Tables 1 and 2 , it seemed that the results of dual-effect method were better than that of dual-basis-material method in the reconstruction accuracy, which still needed more experimental validations in the future.
V. DISCUSSION AND CONCLUSION
In this paper, we designed a dual MeV energy X-ray CT system for cargo container inspection. It used an accelerator with two fast switching spectra of 6 MeV and 9 MeV, an arc detector array and rotating mechanism. We built the physical models of this MeV DECT imaging system based on two different material decomposition approaches. Then, a MeV DECT decomposition and reconstruction method was developed. In order to evaluate the design and algorithm, we built an experimental system with the same accelerator and detector array as used in the designed container CT system. According to the experimental results, the validity and effectiveness of our MeV DECT CT system and algorithm were verified. Although the accuracies of ρ and Z decomposition results were influenced due to the existence of photon starvation in our experiment, we think our design and algorithm in this paper meet the preliminary demand of sea-freight container inspection. The designed MeV DECT container inspection system is being manufactured now. Further progress and results will be reported in the near future.
Note that whether dual-effect method or dual-basismaterial method belongs to projection-domain decomposition method, which requires consistent dual-energy X-rays. However, in this paper the container CT system used a fast 6/9 MeV switching accelerator while the gantry continuously rotated. Hence, there was no such exactly consistent ray pairs, which led to the decomposition errors of both dual-effect and dual-basis-material models. We increased the sampling angle-views of CT scanning. Comparing with the effects of data noises and various artifacts on density/atomic number accuracies, the error due to the inconsistent X-rays can be neglected in this paper.
Aside from X-ray CT, there are several other 3-D imaging modalities which have been used or have potential applications for container inspection, e.g., Muon tomography, Compton backscattering, nuclear resonance fluorescence technology (NRF), etc. These modalities have different merits and demerits. Limited by the cosmic Muon flux, Muon tomography needs longer data acquisition time, e.g., ten minutes or even more. Moreover, Muon tomography is only sensitive to heavy atoms like nuclear source materials. Compton backscattering imaging system usually has a more compact mechanical structure because its X-ray source and detectors are installed in one side and it detects the radiation reflecting from the target. Considering the radiation attenuation, the image quality of Compton backscattering deteriorates with the increasing detection depth. NRF system detects stimulated characteristic gamma rays emitted from nuclei, which belongs to quantified spectroscopy analysis technique. Usually, it is only used for heavy nuclei inspection such as uranium and thorium.
It is easy to accept that DECT is a much better solution than radiography to solve the very common problem of different cargoes overlap in container inspection. Although it needs high cost and solving a lot of technical difficulties, it can provide, indeed, a whole different perspective to visualize and quantitatively inspect container. Because scanning a whole container takes too much time, the container DECT designed in this paper only provides single-slice fan-beam CT scanning and imaging mode. In order to ensure a certain scanning rate, container DECT system will be applied as a secondary inspection tool if something suspicious is found in a container by dual-energy radiography.
